The diagnosis of Meniere's disease (MD) and vestibular migraine (VM) is primarily based on clinical criteria and their differentiation is often difficult. Currently, there are no known definitive diagnostic tests that can reliably distinguish the two conditions. Patients with MD and patients with VM are treated differently, therefore improving the diagnosis of these two pathologies should avoid errors in management. A systematic review was conducted according to PRISMA guidelines. Medline-Ovid and Embase databases were used to conduct a thorough search of English-language publications dating from 1948 to March 2016. The primary search objective was to identify all papers explicitly comparing MD and VM in order to clarify and validate the diagnosis of these two diseases. A total of 13 articles out of 831 were reviewed. Among other differences, MD showed later age of onset, more hearing loss, tinnitus, aural fullness, abnormal nystagmus, abnormal caloric testing results, abnormal vestibular evoked myogenic potential and endolymphatic hydrops. VM showed more headaches, photophobia, vomiting and aura. Even though differences were noted between the two diseases, only one study focused on assessing the differences between VM, MD and patients fulfilling both diagnostic criteria (MDVM). This study showed no difference between the three groups. Since the introduction of the new International Headache Society and Barany Society criteria for VM, no studies have focused on comparing these three groups. We strongly encourage authors to focus on comparing MD and VM from MDVM in future studies to help adequately distinguish the diagnosis of both diseases.
Introduction
Decades go, Kuritzky et al [1] was the first to report significantly more vestibular symptoms in classical migraine patients compared to controls. Vestibular migraine (VM) then became an emerging diagnosis for vestibular symptoms in patients with current or previous headaches with migraine characteristics.
In 2001, Neuhauser et al [2] introduced the first criteria to define the disease (Table 1) . However it was only in 2012 did the International Headache Society (IHS) and the Barany Society [3] validate these criteria into a well-established clinical entity (Table 2 ). Both these sets of criteria distinguish definite VM from probable VM (pVM). A study analyzed both these sets of criteria and determined that a significant difference exists between them, and the 2012 diagnostic criteria for VM limited the diagnosis of the disease to fewer patients, mainly because of the type, intensity, and duration of dizziness [4] .
Many studies have demonstrated a significant overlap between symptoms of Meniere's disease (MD) and VM [5] . Both diseases have distinct proposed pathophysiologic mechanisms. In the case of VM, vasospasm of the internal auditory artery was one of the first proposed explanations [6] , followed by the implication of the trigemino-vascular system [7] . Also, based on a review of several imaging studies done on VM patients, Espinosa-Sanchez et al [8] hypothesize that VM may be due to a defect in sensory functioning at the levels of the vestibular system, thalamus and cortex. Some of these studies are mentioned subsequently in this article.
On the other hand, MD is a consequence of overaccumulation of endolymph in the inner ear, which occurs at the expense of the perilymphatic space. Inadequate absorption of endolymph by the endolymphatic sac seems to be the mechanism underlying this [9] ; however, it remains controversial. Studies have shown that the endolymphatic duct may act as a valve to regulate endolymph equilibrium [10] and that any lesion can produce a faulty duct function, such as chemical exposure, viral infection, inflammation and ischemia [11] . Ischemia has also been proposed as an underlying mechanism for MD [12] . Such a common vascular mechanism could be a link between VM and MD.
MD is diagnosed by the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) criteria [13] (Table 3). Diagnosis of the two pathologies is primarily based on clinical criteria. Differentiation of these two diseases is often difficult, so sometimes patients with VM are misdiagnosed as MD patients [14] . Currently, there are no known definitive diagnostic tests that can reliably distinguish the two conditions. Patients with MD and patients with VM are treated differently [15] , therefore improving the diagnosis of these two patholo- Meniere's Disease and Vestibular Migraine J Clin Med Res. 2017;9(9):733-744 gies should avoid errors in management.
The purpose of this study is to review all articles explicitly demonstrating comparisons between VM and MD at the level of genetics, history, physical exam, audiometry, vestibular tests including caloric testing and vestibular evoked myogenic potential (VEMP) as well as endolymphatic sac size in order to clarify and validate the diagnosis of these two diseases. Moreover, we will be comparing articles using the recent VM IHS and Barany Society criteria with the ones using the older criteria to see if these changes have influenced the comparison of these two entities.
Materials and Methods

Literature review
Medline-Ovid and Embase were used to perform a thorough literature review for English-language publications, dating from 1948 to March 2016. Endolymphatic hydrops, Meniere's disease, vestibular migraine, migrainous vertigo, migraineassociated vertigo, migraine-associated vestibulopathy, migraine-related vertigo, and migraine-related vestibulopathy were the keywords used alone and in various combinations to perform this search. An outline of our review methodology can be seen in Figure 1 .
Inclusion and exclusion criteria
To be included in this paper, reviewed studies must have reported explicit comparisons between the patients diagnosed with MD who met the 1995 AAO-HNS criteria and patients diagnosed with VM based on either Neuhauser's criteria or the IHS and Barany Society criteria. Articles were then subdivided into subgroups according to which criteria were used for VM diagnosis. All pediatric patients were also excluded. Tabet et al J Clin Med Res. 2017;9(9):733-744
Data collection
Each study was thoroughly analyzed to extract all available data and assure eligibility for inclusion of every patient. Genetics, MD and VM criteria overlap, age, age of onset, female to male ratio, tinnitus, aural fullness, hearing loss (HL), vomiting, photophobia, phonophobia, visual aura, migraine headaches, headache-related variables, audiometry test scores, caloric tests scores, VEMP scores, endolymphatic sac hydrops and size by electrocochleography (ECOG) or imaging respectively and other vestibular tests were considered in our review.
Results
A total of 13 articles were included in our review. Five of these used the official IHS and Barany Society criteria and eight used the older Neuhauser criteria. No articles in our review explicitly compared VM and MD on the level of genetics. However, we did find articles describing both entities separately. These will be discussed later in this article.
With regards to findings on history, comparisons between VM and MD were found in five articles [16] [17] [18] [19] [20] (Table 4) .
Comparisons between MD and VM in physical exam findings were found in two articles [16, 21] . Two articles [16, 20] showed comparisons in auditory tests results. Endolymphatic hydrops was mentioned in two other articles [20, 22] . The details of these results are shown in detail in Table 5 [16, [20] [21] [22] .
When analyzing vestibular testing, seven articles mentioned comparisons between MD and VM with regards to caloric testing [16, 17, 19-21, 23, 24] . Three articles described comparisons in VEMP [16, [24] [25] [26] [27] and two of these also described rotary chair comparisons [16, 24] . Finally, two other articles [23, 28] mentioned variations in video head impulse Meniere's Disease and Vestibular Migraine J Clin Med Res. 2017;9(9):733-744 testing (vHIT) between MD and VM. Data of these results are shown in detail in Table 6 [16, 17, 19, 20, [23] [24] [25] [26] [27] [28] .
Discussion
Genetics
Three families experiencing migraine and vertigo were first reported by Baloh et al [29] . These families also experienced loss of peripheral vestibular function a year later. In VM, studies have shown a familial occurrence with an autosomal dominant pattern with moderate to high penetrance [30, 31] . However, Sanger sequencing [31] and other methods [32] have been used to try and identify a genomic region responsible for this inheritance pattern. These measures were unsuccessful. This indicates the possibility of a polygenic inheritance in VM patients. Nevertheless, a susceptibility allele with female penetrance may exist since an 11q region was identified in most affected females. Bahmad et al [33] also demonstrated an autosomal dominant inheritance pattern when studying 10 family members suffering from VM. A location in chromosome 5q35 between rs244895 and D5S2073 markers was discovered when using genome-wide linkage analysis and subsequent fine mapping. In another study, a genome-wide scan identified, on chromosome 6q at marker D6S1556, a suggestive linkage in four families suffering from migraine and vestibular pathology [34] . As for MD, studies have shown familial cases going to as high as 20% [35, 36] , with an autosomal dominant inheritance pattern with incomplete penetrance [35] [36] [37] [38] [39] . Many families with earlier onset disease and severe symptom tendencies have been described in successive generations [35, 37, [39] [40] [41] [42] . This suggests anticipation in familial MD. Numerous families with simultaneous migraine and MD have also been described [43] . A study by Morrison et al [44] showed that HLA-C and HLA-A on chromosome 6 were likely loci in sporadic and familial cases of MD. Furthermore, linkage analysis identified a candidate region on chromosome 12p12.3 in three Swedish families [39] . Another study also identified an allelic association on chromosome 12p12.3 between D12S373 and GT27 markers [42] . Another study on 19 families suffering from MD with a 39% prevalence of migraine demonstrated linkage on chromosome 5, and 13 of these families had linkage to the D5S644 region [35] . The third and fourth generations of patients suffering from migraines actually presented with earlier onset of MD.
In summary, both diseases seem to have a predominantly autosomal dominant type of hereditary pattern. However, VM would be of moderate to high penetrance whereas MD would Table 7 ). SP: summating potential; AP: action potential.
Meniere Tabet et al J Clin Med Res. 2017;9(9):733-744 be of incomplete penetrance. Also, chromosomes 5 and 6 seem to be implicated in both diseases. Given its high prevalence, VM seems to be more of a polygenic disease, similarly to MD [30, 31] .
History
Two studies [16, 18] in our review had substantial data on comparative symptomatology between MD and VM. Of note, the article by Neff et al [16] was based on an updated version of the 2001 Neuhauser criteria and the article by Lopez-Escamez et al [18] was based on the recent IHS and Barany society criteria. In general, these two studies showed similar results. When compared with MD, VM showed statistically significant lower age of onset, less tinnitus, aural fullness and HL, more vomiting, headaches, aura and photophobia. Few contradicting conclusions were noted when comparing both articles. Neff et al [16] and Ghavami et al [45] were the only two authors to mention an overlap between the criteria of both diagnoses. In Ghavami et al, 15 of 37 patients with definite MD fulfilled the new criteria for VM (41% of all patients and 79% of those with migraine according to the IHS criteria). Neff et al [16] presented 55 patients with MD and 71 patients with VM with an overlap of 21 patients meeting both criteria (38% of MD patients fulfilled VM criteria).
However, Neff et al [16] compared both population with a third group composed of patients qualifying for both VD and MD criteria (MDVM). No single clinical feature was able to adequately separate MD, VM and MDVM. In the paper by Lopez-Escamez et al [18] , patients fulfilling the criteria for both MD and VM were excluded from the study. Also, Neff et al made no distinction between definite VM and probable VM, unlike the article by Lopez-Escamez et al.
Also, Hong et al [19] found no difference in the age of the patients between VM and MD but does not mention age of onset. Martin-Sanz et al [20] mention no difference in sex when comparing VM and MD, which comes into conflict with the difference noted by Neff et al [16] . Firstly, both these studies use different diagnostic criteria to diagnose VM. Secondly, in the study by Martin-Sanz et al [20] , they mention a change in diagnosis of 18.8% of patients. Sex data previous to the diagnosis change are the only ones mentioned and no mention is made about the data after the diagnosis change. However, it is important to note that no sex predominated when MD and VM patients in Neff et al [16] were compared with the MDVM group.
Sharon et al [17] were the only article found in the literature comparing motion sensitivity between MD and VM which showed a significantly higher prevalence of motion sensitivity to riding in a car in the VM population. A possible explanation for the susceptibility to motion sickness described in migraine and VM patients could be a result of an overly sensitized thalamus. Espinosa-Sanchez et al [8] have hypothesized that thalamic ventral posterolateral nucleus and ventral posteromedial nucleus sensitization may be caused by migraines. These would therefore lead to an enhancement of vestibular and other sensory perceptions. This conclusion is based on animal model studies with electrophysiological and neuroanatomical analysis as well as functional neuroimaging techniques in humans [17, 46] .
Reversible vasospasm of the internal auditory artery was the first proposed explanation for migraine-associated vestibular symptoms [6] . This would consequently explain the sudden onset of auditory and vestibular symptoms in such patients. This mechanism establishes a possible pathophysiological link between VM and MD.
Another possible explanation may be local extravasation of basilar and anterior inferior cerebellar artery plasma which would consequently lead to excitation of the trigeminal nerve [7] . Supporting this theory, studies have shown that vasoactive neuropeptides are present in the inner ear and vestibular sensory fibers of the trigeminal nerve [47, 48] .
Physical examination
Two articles [16, 21] in our review, based on the same VM diagnostic criteria, mention an explicit comparison between MD and VM with regards to physical examination. They agree that abnormal headshake nystagmus (HSN) and abnormal vibration-induced nystagmus (VIN) are more frequent in the MD population. It is important to note that in Neff et al [16] , no single physical exam was able to adequately separate MD and VM from MDVM. In Shin et al [21] overlap between the two diseases was not mentioned.
It has been shown that peripheral spontaneous nystagmus may be caused or enhanced by painful stimulation of the trigeminal nerve [49] . However, HSN and VIN were not evaluated in this study. Regardless, this provides a possible link between migraine and peripheral nystagmus.
Other possible etiologies of peripheral-type nystagmus are vasospasm of the internal auditory artery [6] and aberrant canal-otolith integration [50] . The latter would be the source of a heightened sensitivity to head motions and would be due to a processing error in the caudal cerebellar vermis [51] . Peripheral nystagmus in patients with VM may in fact be caused by this precise dysfunction.
Unfortunately, this does not explain the presence of vertical nystagmus in some cases of VM [52] . It is however known that infraction of the labyrinth is often associated with brainstem or cerebellar infaction [53] , which would explain the presence of central nystagmus in VM patients.
Furthermore, a meta-analysis has indicated that migraine is probably an independent risk factor of stroke [54] .
Audiometry
Only two articles [16, 20] in our review compared audiometric results between VM and MD. HL in general is not viewed as a hallmark of the presentation of VM patients, unlike MD patients whose diagnosis depends on it. It is not surprising to see that in Neff et al [16] all audiometry results identified worst results in MD patients. The American Academy of Otolaryngology-Head and Neck Surgery reported in 1995 the hearing preservation guidelines (Table 7) .
Martin-Sanz et al [20] showed that results were only sig- Elevation of auditory nerve action potential and reduction of cochlear otoacoustic emissions have been shown to be caused by capsaicin [55] . This provides a link between trigeminal nerve stimulation and cochlear dysfunction in patients suffering from VM. In addition, a reduction of labelled nerve cell bodies in the anteromedial portion of the trigeminal ganglion of hydropic guinea pigs has also been demonstrated [56] . These two studies indicate that the trigeminal innervation to the cochlea could be involved in inner ear homeostatic disturbances, linking migraine with hearing problems and MD.
Endolymphatic hydrops
Two studies [20, 22] compared endolymphatic hydrops (ELH) with different methods (MRI or electrocochleography) between VM and MD patients, and both agreed that ELH was more frequent in MD patients. However, in Martin-Sanz et al [20] , sub-analysis was not made to distinguish vestibular vs. cochlear ELH. Also Gurkov et al [57] showed ELH in four of 19 patients with VM; however, three of those also fulfilled criteria for definite MD and one patient for probable MD. These patients could be a part of the MDVM group.
Other imaging modalities have been used to study the brains of patients suffering from migraines. Dorsal brainstem activation during migraine attacks and vestibulo-thalamo-cortical pathway activation in VM patients have been demonstrated on position-emission tomography [58] [59] [60] .
Moreover, an increase in mediodorsal thalamic activation following ipsilateral caloric stimulation was shown in VM patients using blood-oxygen-level dependent functional magnetic resonance imaging (BOLD-fMRI). Also, the degree of activation correlated with the frequency of migraine attacks in VM patients [61] .
Finally, using MRI-based voxel-based morphometry, VM patients showed a decrease in gray matter volume in the temporal, supramarginal and inferior occipital gyri, the cingulate and dorsolateral prefrontal cortices, posterior insula and superior parietal lobules [62] . This corroborates the theory of aberrant cortical processing of nociceptive and vestibular processing.
Therefore, enhanced vestibular organ perception and its interactions with the brainstem, thalamus and cortex can explain the link between migraine and some vestibular disorders, including VM [63] .
None of the aforementioned imaging modalities have been used to analyze the brain of MD patients. It would be interesting to see if these are potential investigating tools to help in differentiating MD from VM.
Caloric testing
Six of the seven articles [16, 17, 19, 21, 23, 24] in our review describing caloric testing found more abnormal test results among the MD patients. Five of these [16, 17, 19, 21, 24] based their VM diagnosis on old criteria and two of these based it on the recent criteria.
However, in Neff et al [16] , no single caloric test was able to adequately separate MD and VM from MDVM. All other studies did not consider a group composed of patients fulfilling both MD and VM criteria.
However, Martin-Sanz et al [20] did not observe any significant differences (P > 0.05) in the proportion of normal caloric test between the VM and MD populations. Here, only a change in initial diagnosis could explain this discordance since an article with the same VM criteria [23] found significant differences between MD and VM.
VEMP
Five articles [16, [24] [25] [26] [27] in our review compared MD and VM on the basis of VEMP results. All reviewed articles in this review were based on the old criteria.
Regarding cervical vestibular evoked myogenic potential (cVEMP), two studies [26, 27] found no difference in latencies or amplitudes between MD and VM patients. However, Taylor et al [24] showed that cVEMP asymmetry ratios for 500 Hz tone bursts were significantly higher for MD than VM. Also they show that the ratio of cVEMP amplitude generated by tone bursts at a frequency of 500 Hz to that generated by 1 kHz was significantly lower for MD affected ears than for VM or controls ears. In concordance, Murofushi et al [25] showed significantly smaller cVEMP amplitudes to 500 Hz tone busts on the affected side of MD.
Taylor et al [24] mentioned these differences in observations between their study and Baier et al [27] , and their explanation was a narrower normal range resulting in a higher proportion of abnormal results in Baier et al [27] as well as the use of different stimuli (clicks vs. tone busts). The different types of stimuli could also explain the different results found in Murofushi et al [25] and Zuniga et al [26] . Interestingly, Taylor et al [24] who showed that the 500 Hz/1 kHz frequency ratio, 500 Hz asymmetry ratio and caloric test combined, separated MD from VM with a sensitivity of 90.0% and specificity of 70.0%.
Regarding ocular vestibular evoked myogenic potentials (oVEMPs), Zuniga et al [26] showed longer latencies and lower amplitudes in MD patients with clicks. Taylor corroborated Tabet et al J Clin Med Res. 2017;9(9):733-744 these findings by demonstrating significantly higher air conduction click-oVEMP abnormalities in MD patients. Stimuli in both these studies were comparable. Whereas Neff et al [16] described a significantly smaller amount of abnormal VEMP (VM 16%; MD 45%; P = 0.0068); however, it was not specified if these VEMPs were oVEMPs or cVEMP. In Neff et al [16] , no VEMP results were able to adequately separate MD and VM from MDVM.
No other study in our review tried to differentiate MD and VM from MDVM group.
Other vestibular tests
Two articles [16, 24] mentioned rotary chair results. Both agreed that rotary chair gain was significantly smaller in MD than VM. However, Neff et al [16] did not mention in the article if rotation was toward the affected or unaffected ear and no rotary chair results were able to adequately separate MD and VM from MDVM.
Blodow et al [23] were the only study that showed significantly more abnormal horizontal vestibulo-ocular reflex gain in vHIT in MD patients compared to VM. Heuberger et al [28] were the only study to show that covert anti-compensatory quick eye movements (CAQEMs) during vHIT could be used to differentiate VM from MD with a sensitivity of 46%, a specificity of 81% and an accuracy of 65%. He also showed that with a combination of vestibulo-ocular reflex gain and CAQEM analysis, VM could be differentiated from MD with a specificity of 100% and an accuracy of 60% (P = 0.02).
Old vs. new VM criteria
A total of five articles in our review used the IHS criteria and eight articles used the older criteria based on the 2001 Neuhauser criteria. Differences between criteria were noted at the level of history, audiometry and caloric testing. All differences noted between articles with different criteria implicated the article by Martin-Sanz et al [20] . As we mentioned above, reasons for the differences could very well be due to the difference in criteria; however, since this article is the only aberrant one, its methodology could also explain these differences. For example, a change in diagnosis of 18.8% patients could be the explanation behind all of these different results.
In summary, even though different criteria seem to tend towards similar results when comparing MD and VM, we suggest that the new IHS criteria and the new amended MD criteria announced by the 2015 Equilibrium Committee [64] be used in future studies (Table 8 ) and to create a third category which is MDVM.
Limitations and Literature Critique
When this study was initially designed, the goal was to create a meta-analysis of all data on MD and VM to then compare the results of all patients suffering from either or both diseases. Unfortunately, because of insufficient data currently available on VM compared to the extensive data on MD, comparisons between both entities in this way would not have been possible. Also, given the different criteria for VM, subgroups for each criteria used would have had to be created, making the VM populations even smaller. A review of studies explicitly comparing both groups seemed to be the best second option and also limited the bias of pooling different populations from different centers into the same group.
Very few articles distinguished and compared patients with overlapping criteria for MD and VM with those not overlapping. In fact, some articles excluded the overlap group while others did not consider them. In Neff et al [16] , it is well demonstrated that none of the signs, symptoms or investigations were able to distinguish MD and VM from MDVM. This pushes us to encourage future articles using the most recent criteria by the IHS and Barany Society to study and compare the overlapping group with the non-overlapping groups and consequently help to further the validation of the diagnostic criteria for both diseases.
We also noted that not all articles made the distinction between the "definite" and "probable" subgroups for MD and VM, as well as the "possible" subgroup for MD in their analysis of differences between patients. Also, none of the articles included in this review apply the new amended criteria for MD [64] .
Conclusions
In this review, many differences were identified between MD and VM, some statistically significant. Before the introduction Audiometrically documented low to midfrequency sensorineural hearing loss in one ear, defining the ear on one occasion before, during or after one episode of vertigo Fluctuating aural symptoms (hearing, tinnitus, or fullness) in the affected ear of the new IHS and Barany Society criteria, overlaps in all of these fields were identified in Neff et al [16] between MD and VM and MDVM patients; however, none could confidently differentiate MD and VM from MDVM. Since the introduction of the most recent criteria, no studies have focused on assessing the differences between these three groups. Consequently, it is difficult to say if the current diagnostic criteria reduce ambiguity between these two clinical entities. In order to answer these numerous questions, we strongly encourage authors to focus on comparing MD and VM from MDVM in future studies using the recent IHS criteria for VM.
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